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Summary Adhesive post—core restorations using a combination of fiber reinforced posts (FRPs)
and resin composites have become the preferred choice worldwide in restoring pulpless teeth.
The success of this method, especially because of the low incidence of root fracture, has been
shown in many clinical studies in several countries. However, the method has also shown a
tendency for the FRP to come detached from its post-space, and this potential flaw raises
questions about the long-term durable prognoses of such restorations. The adhesive character-
istics of post—core materials to root canal dentin have been widely investigated as part of the
attempt to find a solution to the problem. Comprehensive understanding of the way that root
canal dentin behaves in the post-space may be the key to achieving their better adhesion.
Clinicians have to contend with the high stresses produced in the post-space because of its
extremely high C-factor. When using light-cured and even dual-cured materials, ensuring deep
and complete light penetration is essential to obtain even bonding strength throughout the post-
space. Chemically cured adhesive materials, where the progress of curing is relatively slow and
there is less stress caused by polymerization shrinkage, should be positively considered for the
root canal bonding. In every case, careful attention needs to be paid to the negative effects that
endodontic irrigation solutions, such as sodium hypochlorite and EDTA, have on root canal
adhesion. Even after better adhesion of the FRP to root canal dentin has been achieved–—and
proved by high-quality long-term clinical studies, the concept of cusp-coverage in pulpless molars
may need to be reconsidered based on a good conservative policy of minimal intervention.
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Adhesive post—core restorations using a combination of fiber
reinforced post (FRP) and resin composites have become the
preferred choice in restoring pulpless teeth. They have two
significant advantages: they are aesthetic [1—3], and they
show fewer incidences of root fracture [4—6], because the
FRP has a similar elastic modulus to dentin. However, they
have been found to suffer failure because of debonding of the
FRP from its post-space. If long-term durable clinical per-
formance of post—core restorations using FRP is to be
achieved, it is essential to find ways to ensure firm and
lasting adhesion of the post—core materials to the root canal
dentin.
In this review, we shall discuss the importance of adhesion
in creating durable post—core restorations and the various
reasons for the failures. The advantage of this approach is
that it may provide a guide to practical solutions to achieve
the best possible adhesion of the post—core restorations.
2. Background of the development of fiber
posts
When dental patients receive a well-planned plaque control
program, tooth loss can largely be avoided, except for teeth
that suffer from fractures [7]. Researchers and clinicians
alike have identified vertical root fracture of pulpless teeth
restored with metallic post—cores as an urgent problem that
needs to be addressed [8—10]. The theory of mechanics
suggests that when a post—core with a high modulus of
elasticity, such as a stainless steel post is used, the stress
is transferred from the rigid post to the less rigid dentin. In
consequence, pulpless teeth restored with metallic post—
core may be susceptible to fracture due to the excessive
stress transfer from the post—core to the remaining teeth. To
overcome this disadvantage, fiber posts whose elastic mod-
ulus is similar to dentin have been designed and developed
[11].
FRPs have several advantages over the metallic post apart
from their similar elastic modulus to dentin. The superior
aesthetic appearance of glass and quartz FRP is preferable for
all ceramic restorations especially for incisor restorations
[1—3]. Research has also shown that the combination of FRP
and resin composites helps produce teeth as strong as those
restored with metallic post—cores, and thus can help to
reinforce the remaining tooth structure [12,13]. Because
of these preferable characteristics of the FRP, such adhesivepost—core restorations have become the preferred choice in
restoring pulpless teeth.
3. Clinical performance of modern post—
core systems
Short-term retrospective clinical studies of FRP restora-
tions reported that they show a performance that in terms
of survival rate is at least equivalent and sometimes super-
ior to conventional metallic post restorations. Most note-
worthy, fewer incidences of root fractures were found [4—
6]. Most clinicians and researchers have withheld final
judgment about the clinical significance of FRP until
long-term results from well-designed clinical trials have
been presented.
The prognoses of 59 carbon FRPs and composite core
restorations covered with full ceramic crowns were evalu-
ated in a prospective study [14]. The observation periods
were from 6.7 to 45.4 months, with an average of 28 months.
The overall failure rate was 7.7%, and no root fracture was
reported in the observation periods. The causes of failure
were periapical pathology, core debonding or crown debond-
ing.
A recent randomized clinical trial compared the clinical
survival rate between metal screw post (MSP) restorations
and glass FRP restorations [15]. The 2-year survival rate of
FRP was 93.5%, while that of MSP was 75.6%, showing a
significant difference between the survival rates. In addition,
FRP failures occurred because of debonding of the post,
fracturing of the crown or the presence of apical lesions;
MSP failures were associated with more unfavorable compli-
cations, such as root fracture.
The prognoses of 149 FRPs and composite core restora-
tions were evaluated in another prospective study [16]. The
observation periods were from 5 to 56 months, with an
average of 39 months. The annual failure rate was 6.7%
and three root fractures (2%) were found throughout the
observation periods. The most frequent reasons for the fail-
ure were debonding of the post or fracture of the post—core
restorations. Interestingly, the failure of glass FRP restora-
tions was greater in anterior teeth than posterior teeth.
Overall, the clinical performances of the FRP and compo-
site core restorations after almost 3 years were comparable
to those of conventional metallic post—core restorations.
Their low incidence of root fracture is a considerable
advance, but the debonding of the FRP has become a clear
problem that needs to be addressed.
24 M. Hayashi, S. Ebisu4. Implications of findings from finite
element analyses
The results of finite element analyses, which assess the stress
distribution in teeth restored with post—core systems,
demonstrated why debonding of the FRP in post—core
restorations with a combination of fiber posts and composites
so frequently led to clinical failure, and also why such
restorations presented fewer incidences of root fracture.
Finite element stress-analysis showed how stress accumu-
lated and was transmitted into the restored teeth and the
supportive periodontal tissues [17]. When a cast metallic
post—core was used, the stress accumulated within the post—
core, and the transmission of stress to supportive structures
and the tooth was low. Conversely, when a fiber composite
laminate post—core was used, the stress was transferred to
the supportive structures and to the tooth, while the stress
within the post-system was low, and was clearly advanta-
geous to inhibit root fracture.
In another finite element analysis study, the reaction of a
natural tooth to externally applied loads was compared with
that of a glass FRP and a gold cast post—core. The gold cast
post—core produced the greatest stress concentration at the
post—dentin interface, while the FRP showed high stress in
the cervical region because the post is more flexible and less
stiff. The glass FRP showed the lowest peak stresses inside
the root because its elasticity is similar to dentin. Except for
the force concentration at the cervical margin, the glass FRP
induced a stress field similar to that of the natural tooth [18].
Yet another finite element analysis also suggested that the
cervical area of pulpless teeth restored using an FRP and a
composite core showed the greatest stress under simulated
occlusal loadings [19]. A ferrule in the prepared tooth
seemed to be effective in reducing stress. However, in the
clinical situation, clinicians often have to restore heavily
damaged teeth, which have a large amount tooth loss. If
there is no ferrule, the intensity of stress accumulates in the
cervical region of the restored teeth. In those cases, firm
adhesion of post—core materials to the remaining tooth
structure is vital for successful restoration. The cervical area
is the frontline of the stress and is also the interface between
the core restoration and the root dentin. Once intensive
stress accumulates under occlusal loadings, it leads to failure
of the adhesion at the cervical area, and then debonding can
propagate to the interface between the post and root canal
dentin, resulting in debonding of the FRP.
5. The importance of firm adhesion in post—
core restorations
An in vitro study of the fracture resistance of pulpless teeth
restored with different post—core systems discovered a simi-
lar performance of fracture patterns commonly seen in
dental clinics [12]. Under simulated oblique occlusal load-
ings, all teeth restored with metallic post—core systems
showed fractures in the middle portion of the root; the
failures in teeth with FRP, about 80% of the total, occurred
because of debonding of the post along with cohesive frac-
ture in the cervical dentin [12]. A combination of FRP with a
composite core can help to reinforce the remaining tooth
structure and showed the same level of fracture resistance asin metallic post—cores [12,13]. This leads to the conclusion
that under vertical and oblique loadings, the combination of
an FRP and a composite core with a full crown is most
protective of the remaining tooth structure. If clinicians
can achieve more certain adhesion of post—core materials
to root canal dentin, it should be possible to improve the
fracture resistance of pulpless teeth, and thus prevent root
fracture [20,21].
One in vivo study of post—core restorations demonstrated
the disadvantage of using zinc phosphate cement [22].
Although such a material is easy to use, it has no adhesive
properties to dentin. Severe deterioration of the collagen of
root canal dentin and invasion by microorganisms were fre-
quently found in those post-spaces restored with metallic
posts in conjunction with zinc phosphate cement after more
than 10 years of restoration. These microorganisms, which
can leak into root canal systems, may cause periapical
infection. Therefore, restoring a post-space with durable
adhesive materials helps in preventing periapical disease.
6. Difficulties in achieving firm adhesion and
possible solutions
The use of adhesivematerials for the placement of the FRP is
an attractive clinical concept for strengthening pulpless
teeth [12,13,21,22], and thus preventing root fracture. It
may also help limit coronal leakage. The adhesive properties
of various post—core materials to root canal dentin have
widely been investigated. It has been ascertained that the
adhesive performances of post—core materials to root den-
tin are affected by a number of factors related in many
complex manners. Researchers and clinicians are still
searching for the most reliable methods that will provide
firm and consistent adhesion in a post-space. What follows is
a discussion of some of these various factors, which com-
promise root canal adhesion, alongwith possible solutions to
improve adhesion.
6.1. Remarkable progress in dentin bonding but
still far to go
Recent advances of technology in dentin bonding systems
used in coronal restorations have been remarkable. The
microtensile bond strength (MTBS) of modern dentin bonding
systems for intra-coronal cavities has now been shown to
reach as high as 40—50 MPa before cohesive fractures in
dentin occurred [23,24]. Given these superior results, the
bonding strengths of modern dentin bonding systems can be
considered strong enough to provide promising coronal
restorations.
However, the results of MTBS of adhesive materials in
post-spaces were totally different from those in the coronal
restorations. A number of different studies showed frequent
failures of adhesion at the interface between the dentin and
adhesives or between the adhesives and the post in the range
of 10—15 MPa [25—30]. In addition, the high incidence of pre-
testing failure when making the bonding specimens for the in
vitro experiments [26,31,32] suggested that the bonding to
the root canal is still far from ideal. This debonding of the FRP
is the frequent cause of the clinical failure of FRP and
composite core restorations.
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adhesion
The difference in the bonding performance of the adhesives
in intra-coronal cavities and those in post-spaces may be
accounted for by the difference of the configuration factor
(C-factor) in those different restorations. The MTBS of adhe-
sive cements to unconfined flat dentin were reported to be
significantly superior to those of the same cements to con-
fined intact root canals [25]. The authors conjectured that
the unstable bonding performance of adhesive materials in
the post-space may be attributed to the high C-factor.
Whereas the C-factor typically varies from 1 to 5 in intra-
coronal restorations, it is estimated to exceed 200 in a post-
space. They cited an example where the post-space has a
free unbonded surface area of 150 mm thickness luting
cement and the bonded areas consist of the 1.7 mm diameter
post surface and the surrounding root canal dentin. They also
argued that where the C-factor is high, the slower setting
materials reduce stress at the bonding interface by allowing
the flow of the materials to relieve polymerization stress.
The complex configuration of the adhesive interfaces is
another factor which compromises stable adhesion in the
post restoration. An adhesion with an FRP comprises three
layers with two bonding interfaces, which are dentin/adhe-
sives and adhesives/post interfaces. The bond strengths of
modern dentin adhesive systems to root canal dentin in a
post-space were more than 50 MPa [33—35], while those to a
fiber post treated with a silane coupling agent were 20—
30 MPa [36,37]. Such unevenness of the bonding strengths at
the two interfaces can result in contraction gaps at the
interfaces, with inferior bonding strength. However, the
stress accumulation due to polymerization shrinkage at the
weaker interface is not easy to predict because of the
complicated configurations of the post—core adhesion invol-
ving two interfaces with three layers surrounding the post.
Using adhesive materials which have similar bond strength to
the root canal dentin and to the FRP may offer a possible
solution to reduce the contraction gaps.
6.3. Limitation of light penetration into post-
spaces
Several studies on the bonding performance of FRP and root
canal dentin using light-cured and dual-cured adhesives
reported that bond strengths were affected by the vertical
location in the post-space [25—27,30,33—36,38,39]. Stresses
produced by polymerization shrinkage also complicate the
firmness of bonding when luting the FRP to its post-space with
adhesive materials. The inferior performances of the bonding
in apical areas when using light-cured adhesives demon-
strated that achieving high bond strength throughout an
entire root canal is difficult. Imperfect curing of the adhe-
sives at the apical portions may be the cause of the inferior
bond strengths.
The difficulties in getting the light fully to penetrate the
deepest apical portions were proved by evaluating the depth
of light-initiated polymerization of glass fiber reinforced
composite materials into the root canals [40]. The limitation
in the distance of light penetration resulted in a low degree
of conversion of polymerizable dimethacrylate resin mono-mers. When the distance from the light source to the irradia-
tion surface was increased, the degree of conversion of resin
monomers decreased. The hardness of the composites also
fell by 25% when the distance from the irradiation surface to
the irradiation unit was increased from 4 to 8 mm.
To overcome this disadvantage of insufficient light pene-
tration in a narrow post-space, prolonging the photo-irradia-
tion time for light-cured dentin bonding systems was found to
be effective to improve the bonding strength to root canal
dentin [34]. Other options, such as using a LED fiber or a
transparent light-guiding attachment, which can be inserted
into the deepest parts of the apical portions, could be
considered in clinical use.
6.4. Chemically and dual-cured adhesive
materials
Using chemically cured adhesive materials, where the pro-
gress of curing is relatively slow and the slower process of
polymerization shrinkage produces less stress, may have an
advantage in root canal adhesion, where extremely high
stress is generated in the post-space. Chemical curing is also
advantageous in promoting even distribution of the stress
caused by the polymerization shrinkage and inducing even
bonding strength in the entire post-space.
However, the reported bond strengths of chemically cured
adhesives with the FRP to the root canal dentin do not seem
to be superior to those with light-cured materials [25,28,32].
This may be because the basic bonding strength of chemically
cured adhesives is not strong enough to cope with the high
stress generated in the post-space.
Dual-cured adhesive materials have been recommended
for use in bonding in root canals, in the expectation that they
will show the advantageous characteristics of the light-cured
materials at the cervical area of a post-space and those of
chemically cured materials at the apical area. However,
actual bonding performances in a post-space seem not to
be improved when compared to those with light-cured adhe-
sives [25,27,33,34,36,38,39]. Inferior adhesions at the apical
area were still observed even when using dual-cured adhe-
sives. As mentioned above, this may be because the bonding
of chemically cured ingredients is not strong enough to
counteract the high stress at the apical area.
6.5. Immediate loadings compromise firm
adhesion
Imposing loadings immediately after bonding FRP to root
canal dentin may compromise firm adhesion, causing the
failure of the restoration because of debonding of the posts.
The results of push-out testing showed that the bonding
strength in the group tested immediately was significantly
lower than that in the group tested 24 h after the adhesion
[41]. Similar results were shown in push-out testing when the
retention strengths of the FRP were compared between the
immediate and delayed loadings [42]. Another study on light
penetration into a post-space showed that the curing reac-
tions of light-cured materials continued at least for 10 min
after the irradiation [40]. Based on these results, clinicians
should minimize tooth preparation, which probably applies
stress to the bonding interfaces and diminishes the adhesion
between the posts to root canal dentin.
26 M. Hayashi, S. Ebisu6.6. Negative effects of root canal irrigation
Some solutions routinely used for endodontic irrigation have
a negative effect on the bond strengths of adhesive materials
to root canal dentin. It was reported that both sodium
hypochlorite (NaOCl) and hydrogen peroxide (H2O2)
decreased bond strength of adhesive materials to root canal
dentin [43—45]. The reason for the inferior bond strengths is
that these solutions make oxidized dentin, which inhibits
polymerization of resinous materials.
Another study examined the relationship between rever-
sal compromised bonding and nanoleakage in oxidized den-
tin. It demonstrated that MTBS of single-bottle adhesives to
acid-etched dentin were significantly reduced after NaOCl
treatment, but were reversed when sodium ascorbate, which
is a reducing agent, was applied. After the NaOCl application,
nanoleakage patterns in hybrid layers were observed as
vertical shag-carpet-like patterns along the demineralization
front. This type of nanoleakage was completely eliminated
after applying sodium ascorbate to the oxidized dentin [46].
Based on these findings, clinicians should be advised to use a
reducing agent to eliminate the negative effect of NaOCl
before using resinous materials.
Use of a combination of EDTA and NaOCl is the common
endodontic irrigation method to achieve demineralization
and deproteinisation. A study showed that endodontic irriga-
tion facilitated the penetration of resin tags into dentinal
tubules and contributed to high bond strength when using a
wet-bonding system [47]. However, the use of EDTA for longer
than 1 min in conjunction with NaOCl created an erosive
dentin surface because of excessive demineralization [48].
Such dentin surfaces that suffered from excessive erosion of
both intertubular and peritubular dentin make it difficult to
create a firm adhesive interface with a dentin bonding
system, especially when using self-etching adhesives [47].
These results suggest that the duration of the endodontic
irrigation with EDTA should be controlled, with the length of
time depending on the dentin bonding systems used.
Another problematic consideration is the thick smear
layer during the post preparation. Goracci et al. [32]
reported that a total-etch resin cement showed greater
bonding potential than a self-etch or a self-adhesive resin
cement when luting the FRP to radicular dentin. It may be
because acidic monomers responsible for substrate condi-
tioning in the self-etch and self-adhesive resin cement were
less effective in etching through the thick smear layer. This
might have accounted for the significantly lower retentive
strength of the FRP to the radicular dentin. Clinicians should
control the thick smear layer using etching agent such as
EDTA with appropriate duration time and concentration.
6.7. Surface treatment of fiber posts
Various approaches from bothmechanical and chemical view-
points have been made to improve the bonding between FRP
and resinous adhesive materials. Several studies have
reported that a silane coupling agent has positive effects
in enhancing the bond strength of resin composite to FRP
[36,49]. Aksornmuang et al. [36] showed that such enhancing
effects were much clearer in quartz fiber posts than in silica—
zirconium glass fiber posts. Monticelli et al. [49] reported
that a combination of a silane coupling agent with two-stepself-etch adhesives improved the chemical retention of com-
posite around etched fiber posts with minimal nanoleakage.
However, Perdigao et al. [50] claimed that the silane coupling
agent did not increase the bond strength of dentin adhesives
to the FRP. This inconsistency in the findings of the reports
may be explained by the differences in the composition of the
post and the luting materials used, the mode of the testing,
and the configurations of the post-spaces.
Sandblasting has been suggested as an effective mechan-
ical approach to enhance the bond strength of dentin adhe-
sives to FRP [37,51]. However, we need to consider whether
the mechanical properties of FRP are compromised by the
sandblasting. FRPs have exhibited a significant decrease in
mechanical strength after thermal cycling [52—56]. This has
been attributed to degradation of the fibers or thematrix and
to the difference in thermal expansion coefficients between
the two. It still has to be confirmed whether the degradation
of FRP by sandblasting compromises the mechanical proper-
ties.
Another study examined the clinically feasible protocol
for creating micromechanical retention on the surface of the
FRP, using H2O2 etching to remove the surface layer of epoxy
resin. Interfacial retention strengths were enhanced through
the use of a combination of H2O2 etching and silanization.
After this treatment, flowable composites can completely
infiltrate the interdiffusion zone [57].
7. Minimal intervention for treating pulpless
teeth with FRP
If the firm and durable adhesion of an FRP to root canal dentin
can be achieved, the concept of the coronal coverage of
pulpless molars, which is regarded as essential for restoring
pulpless molars, can be reconsidered based on a minimal
intervention policy. A randomized controlled clinical trial
was conducted to compare the clinical prognoses of pulpless
premolars restored with a combination of FRP and direct
composites with those with full-coverage metal-ceramic
crowns. The clinical success rates of pulpless premolars
restored with the FRP and composite after 3 years were
equivalent to a similar treatment with metal-ceramic crowns
[58].
Another randomized controlled trial compared the clinical
success rate of pulpless premolars restored with the combi-
nation of FRP and direct composites with the restorations of
premolars using amalgam. Restorations with FRP and com-
posite were found to be more effective than amalgam in
preventing root fractures but less effective in preventing
secondary caries; the overall failure rate was not significantly
different for the two kinds of restorations [59].
A minimal intervention policy for restoring teeth, which
can be realized if clinicians can achieve excellent adhesion
between the restoratives and the tooth structure, can offer
great benefit in preserving the remaining tooth structure,
especially when restoring pulpless teeth. However, when
applying this concept to pulpless molars, it is important to
look not only at the remaining tooth structure but also at the
individual patient’s occlusion, including para-functions such
as clenching and braxizum. In addition, the deterioration of
the bonding between the FRP and root canal dentin must still
be a matter of concern, because grinding forces in ordinary
chewing can act as repetitive fatigue loadings, which
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of the mechanical strength of the FRP is another concern,
since in vitro studies have indicated that the mechanical
strength of the FRP degrades significantly after storage in
water, thermocycling, and cyclic loadings [52—56].
Long-term preferable prognoses in well-designed studies
are needed to reconsider the widely accepted concept of
cusp-coverage in pulpless molars where substantial amounts
of cutting of the remaining teeth are required. When a
systematic review of high-quality studies has been done, it
may be time to persuade clinicians to change their way of
cutting pulpless teeth.
8. Conclusions
Preferable clinical findings of FRP and composite cores have
encouraged their use for restoring pulpless teeth, even though
the debonding of the FRP was found to be a frequent cause of
their clinical failure. To improve their clinical performances,
the adhesive properties of post—core materials to root canal
dentin have beenwidely investigated and found to be affected
by various factors in complexmanners. Comprehensive under-
standing of the characteristics of post—core materials and the
particular conditions of root canal dentin in the post-space,
where extremely high stresses are generated because of
polymerization shrinkage, will help to improve materials
and practices to bring about firm and lasting adhesion in
post—core restorations. In this way clinicians can hope for
their long-term durable clinical performances.
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